Abstract: The house musk shrew (Suncus murinus), or so-called suncus, is a coldintolerant mammal, but it is unclear why it is susceptible to low temperatures. Coldintolerance may be the result of lower thermogenic activity in brown adipose tissue (BAT
Introduction
The house musk shrew (Suncus murinus), or so-called suncus, is a unique experimental animal belonging to the order Insectivora [25] . We have observed decreased breeding efficiency, reduced motor activity, hypothermia, and immobilization in this species when the room temperature was lowered. The northern limit of the and we have yet to observe elderly suncus with abundant gut fat. This is in contrast to C57BL/6J mice, which are known to accumulate significant amounts of fat with age. We believe that suncus will become a useful experimental animal model for obesity research. Information concerning energy metabolism in suncus however, is limited.
Brown adipose tissue (BAT) clearly differs from white adipose tissue (WAT) and is the most important tissue for adaptation to cold environments and arousal from hypothermia (reviewed by [3] ). In addition, thermogenesis in BAT is involved in regulating total energy homeostasis and body weight. For example, some strains of mice and rats with genetic obesity mutations have decreased the thermogenic activity in BAT [11] . Brown adipocytes are found in adult humans, and thermogenesis in BAT is related to obesity and diabetes [8, 10, 49] . Therefore, up-regulation of thermogenic activity in BAT, by consuming extra calories, is important for combating obesity and diabetes in humans.
Uncoupling protein 1 (UCP1; thermogenic protein), type II iodothyronine 5'-deiodinase [D2; the enzyme responsible for converting thyroxine (T 4 ) to triiodothyronine (T 3 )], and type 4 glucose transporter (GLUT4; which facilitates glucose uptake into target tissues) all play major roles in non-shivering thermogenesis. The mRNA expressions of these components are primarily regulated by the sympathetic nervous system via direct β-noradrenergic innervation to BAT [5, 7, 24] . In addition, an increase of T 3 by D2 in BAT heightens Ucp1 and Glut4 expression [1, 2, 32, 41, 42, 46] .
To elucidate the mechanisms underlying cold-intolerance in suncus, we examined Ucp1 mRNA changes in interscapular brown adipose tissue (IBAT) during long-term (18 d) cold exposure [36] . In our pilot study, most immobile or dead suncus were observed within 1 week after exposure to severe cold (6-8°C), suggesting that the adaptive response in the early phase of cold exposure is critical for suncus survival in a cold environment. In mice and rats exposed to cold, Ucp1 mRNA expression is increased immediately (reviewed by [21] ). Cold-intolerance in suncus may therefore be due to a decreased adaptive response of Ucp1 to cold, such that the rate of sympathetic stimulation via direct noradrenergic innervation of BAT is slowed.
To examine cold-intolerance in suncus related to the adaptive response of Ucp1, we exposed suncus to mildly cold conditions (10-12°C) for 1 to 48 h. We then measured Ucp1, D2, and Glut4 mRNA levels in suncus IBAT using Northern blot analysis. Glut4 was measured in the soleus and the heart to examine tissue-specific expression patterns. We discuss mRNA responsiveness to cold stimulation and the association of mRNA responsiveness to cold-intolerance.
Materials and Methods

Experimental animals
The animals were adult suncus (80-120 g) of an outbred KAT strain established from a wild population in Nepal-Katmandu [26] which have been bred and maintained through a partnership between the Laboratory of Animal Management and Resources, the Graduate School of Bio-Agricultural Science, Nagoya University, Japan, and the Research Institute of Environmental Medicine, Nagoya University. The animals were treated in accordance with the principles and procedures outlined by the Committee for Animal Experiments of the Research Institute of Environmental Medicine, Nagoya University. After weaning (about 21 days after birth), suncus were housed individually in plastic cages equipped with an empty can for a nest box. They were maintained in a conventional animal facility at a room temperature of 25 to 27°C with 30 to 60% humidity and a 12L:12D light cycle (photoperiod: 08:00-20:00), with free access to water and commercial trout pellets (Nippon Formula Feed Manufacturing Co., Ltd., Yokohama, Japan). The metabolizable energy content of the pellets was 344.3 kcal/ 100 g, and the pellets consisted of 54.1% protein, 30.1% carbohydrate, and 15.8% fat.
Partial cDNA cloning of sGlut4
For the Northern blot analysis, we performed partial cDNA cloning of suncus Glut4. Male KAT-strain suncus (about 3 months old) were euthanized by cardiac exsanguinations under ether anesthesia, and their IBAT was immediately washed in 1× phosphate-buffered saline (PBS), dissected, frozen in liquid nitrogen, and stored at -80°C. Total RNA was extracted from the IBAT using the acid guanidium thiocyanate-phenol-chloroform extraction method [4] . Reverse transcription (RT) was performed using SuperScript TM II Reverse Transcriptase (Invitrogen, San Diego, CA). After the RT reaction, PCR was performed using oligo-nucleotide primers (forward primer 5'-GTG CTT GGC TCC CTT CAG TTT-3' and reverse primer 5'-TTT TAG GAA GGT GAA GAT GAA GAA-3'), which were designed based on the human, mouse, and rat Glut4 open reading frame (ORF) cDNA sequences obtained from GenBank (Accession Nos. BC069615, NM_009204, and NM_012751, respectively). The reaction mixture was prepared according to the instructions for TaKaRa Ex Taq TM (TaKaRa Bio Inc., Otsu, Japan). An amplified partial cDNA fragment (sGlut4p) was cloned using the pGEM-T Easy Vector System I (Promega, Madison, WI) and then sequenced. An unrooted phylogenetic tree was constructed using the neighbor-joining (NJ) method in the software package MEGA 3.1 [19] with human Glut1-Glut14 ORF cDNA sequences. The sequence divergence for NJ was calculated for all pair-wise nucleotide comparisons according to the Kimura two-parameter method [18] . To obtain the tissue distribution of sGlut4p by Northern blot analysis, we extracted total RNA of the liver, kidney, testis, ovary, soleus and extensor digitorum longus (EDL) muscles, heart, epididymal white adipose tissue (EWAT), inguinal white adipose tissue (IWAT), cortex, cerebellum, remainder of brain (ROB), and IBAT from an approximately 3-month-old male KAT-strain suncus using the same methods described above. Total RNA samples (15 µg each) were fractionated on 0.8% agarose gels and transferred to GeneScreen Plus Membrane (PerkinElmer Life Sciences, Wellesley, MA). An sGlut4p cDNA fragment inserted into pGEM-T easy vector I (Promega) was digested by EcoRI in a multiple cloning region, recovered by TaKaRa RECOCHIP (TaKaRa Bio Inc.), and labeled with [ 32 P] dCTP (PerkinElmer Life Sciences) using a Random Primer DNA Labeling Kit Ver. 2 (TaKaRa Bio Inc.). Probes were used following purification with ProbeQuant G-50 Micro columns (Amersham Biosciences, Piscataway, NJ) according to the manufacturer's protocol. The membrane was prehybridized in 5× SSCP containing 1% SDS, 10× Denhardt's solution, 50% formamide, and 10 mg/ml fish sperm DNA (Roche Diagnostics, Mannheim, Germany) at 42°C for 3 h. The membrane was then labeled with the radioisotope probe (10 6 cpm/ml) in prehybridization buffer at 42°C overnight. After washing (2× SSC for 5 min, twice; 2× SSC containing 1% SDS at 65°C for 20 min; 0.1× SSC for 5 min, twice), the membrane was exposed to a Molecular Imaging Screen-CS (Bio-Rad Laboratories, Hercules, CA) and analyzed using a Molecular Image System (GS-363; Bio-Rad Laboratories). The hybridized membranes were rehybridized with a rat 18S rRNA radioisotope probe.
Cold exposure experiments
Thirty male suncus of the KAT-strain (2-3 months old) were divided into six groups that included a control and five lengths of cold exposure (1, 3, 12, 24, or 48 h). Environmental conditions were 10-12°C, 30-60% humidity, and a 12L:12D light cycle (photoperiod: 08:00-20:00), with free access to water and commercial trout pellets (Nippon Formula Feed Manufacturing Co., Ltd.). All exposure experiments were timed to end between 18:00 and 20:00 to avoid the effects of daily torpor, during which body temperature decreases for several hours per day; torpor in this species is principally observed in the morning [12] . We euthanized suncus using cardiac exsanguination under ether anesthesia, measured blood sugar levels with a Medisafe Reader GR-101 (Terumo Co., Ltd., Tokyo, Japan), and collected the soleus, heart, and IBAT immediately. To perform Northern blot analysis, RNA was extracted and transferred to membranes for every tissue prepared as described above. The radioisotope probe of Glut4 was prepared as described above, and the radioisotope probe of Ucp1 was prepared according to Suzuki et al. [37] . To create the radioisotope probe of D2, cDNA fragment A inserted into pGEM-T easy vector I (Promega; [35] ) was digested by EcoRI in a multiple cloning region, recovered by TaKaRa RECOCHIP (TaKaRa Bio Inc.), and labeled using the method described above. Hybridization, membrane washing, mRNA measurements, and rehybridization were performed as described above, and all mRNA expression levels were corrected to those of rat 18S rRNA.
Statistical analysis
All results are presented as the mean ± standard error (SE). Statistical significance was assessed using Student's t-test calculated with StatView 5.0 software (SAS Institute, Cary, NC; no longer available). The significance level was set at 0.05.
Results
Partial cloning of suncus Glut4
A 1263-bp fragment was amplified by RT-PCR, and this fragment was aligned to the ORF of human Glut4 cDNA with high homology. Figure 1 shows the results of Northern blot analysis using this fragment as a probe. An approximately 2.8-kb fragment of mRNA was strongly detected in the soleus, EDL, heart, EWAT, IWAT, and IBAT. The size and distribution of this mRNA coincided with the properties of Glut4 (i.e., it is expressed only in the muscles and adipose tissues) [14, 20, 40] . In addition, unrooted phylogenetic trees based on the ORF nucleotide sequences of 14 types of human glucose transporter (hGlut1-hGlut14) clustered this fragment with hGlut4 (Fig. 2) . Therefore, we believed this fragment to be typical of Glut4 found in other species, and submitted it to GenBank (Accession No. AB248266) as a partial Glut4 cDNA sequence of the house musk shrew, sGlut4p. This fragment was used to make radioisotope probes to measure Glut4 mRNA expression in suncus.
General effects of mild cold exposure
No dramatic changes, such as weight loss, immobilization, or death, were observed. Body weight was nearly unchanged by cold exposure (Fig. 3) . Blood sugar decreased slightly after 1 h, recovered to control levels after 3 h, and tended to increase thereafter (Fig.  4) . Figure 5 shows tissue weight differences of EWAT, heart, and IBAT. Similar to blood sugar, EWAT weight decreased at 1 h and 3 h, but subsequently recovered to control levels. Heart and IBAT weight did not change significantly. Figure 6 shows the changes in expression of Ucp1, D2, and Glut4 in IBAT, and Glut4 in the soleus and heart following cold exposure. Ucp1 did not significantly increase until cold exposures exceeded 12 h (Fig.  6a) . D2 did not change for the first 12 h of exposure, but increased significantly thereafter (Fig. 6b) . Glut4 in IBAT did not change significantly during the first 24 h, although it increased markedly and significantly at 48 h (Fig. 6c) . Glut4 in the soleus significantly increased with time, but never reached the Glut4 levels observed in IBAT at 48 h (Fig. 6d) . In contrast to these results (Figs. 6a-d) , Glut4 mRNA in the heart had increased significantly at 3 h, but had returned to control levels by 12 h, and was significantly decreased at 24 h (Fig. 6e) .
Cold-induced mRNA changes
Discussion
General results
In this study, we did not observe weight loss, immobility, or death in suncus (Fig. 3) . Therefore, 10-12°C is not a lethal temperature for suncus and appears to be suitable and sufficient for evaluating the effects of longterm cold exposure on this species.
In mice and rats, cold exposure leads to an immediate decrease in blood sugar levels (e.g., at 1 and 3 h) due to increased glucose uptake by the muscles and adipose tissues for use in β-oxidation and lipogenesis [15, 24, 31, 34, 44, 48] . Therefore, the tendency of reduced blood sugar in suncus after 1 h (Fig. 4) may also be the result of increased glucose uptake and utilization. The recovery of the blood sugar level at 3 h and its subsequent increase may have been caused by increased food intake (overfeeding), which is a general physiological reaction of animals with increased blood sugar levels following a meal. Unfortunately, food intake, lipolytic and lipogenic effects, glucose uptake activity, and serum data (except blood sugar levels) such as T 3 and insulin, were not measured in this study. However, considering that these are general properties of animals, the decrease and recovery of adipose tissue weight (Fig. 5) was likely caused by lipolytic and lipogenetic effects of hormones.
Cold exposure of up to 12 h
Ucp1 expression tended to increase from 0 h to 3 h, but D2 expression did not (Fig. 6a, b) . Because longterm exposure (18 d) to mild cold (8.5-14.6°C) with standard trout pellets did not lead to augmented Ucp1 expression levels [36] , we conclude that Ucp1 up-regulation in suncus eating standard trout pellets only occurs immediately after cold exposure. Ucp1 expression in suncus may decline to normal levels after the initial increase, as it does in hamsters [45] . In addition, the amount of UCP1 depends on the expression levels [29] . Therefore, cold-intolerance in suncus through the early phase of cold exposure may not be caused by an upregulation mechanism of Ucp1 per se. However, we should point out that the cold-induced increase in Ucp1 in this experiment was slight. In general, Ucp1 expression is strongly regulated by the sympathetic nervous system. The weak increase of Ucp1 was likely caused by suppression of the sympathetic nervous activity in BAT by a high-protein and low-fat diet, as in our previous study [36] .
In small rodents such as mice and rats, both Ucp1 and D2 increase immediately and sharply in response to cold exposure, and these increasing expression patterns are similar to each other [8, 23] . In suncus however, there was a tendency for increases in Ucp1 to precede increases in D2 following cold exposure (Fig.  6a, b) . Moreover, there was no change in D2 until 12 h; after 24h, D2 levels increased markedly (Fig. 6b) . These results suggest that, unlike mice and rats, Ucp1 and D2 expression patterns are different from each other. Ucp1 and D2 expression in BAT are mainly regulated by the sympathetic nervous system, and their pathways share common mechanisms (reviewed by [21] ). However, we don't know why D2 expression in suncus remained unchanged by the cold exposure, while Ucp1 expression increased. 
, and hGlut14 (BC060766) obtained from the GenBank database. Phylogenetic trees were constructed using the neighbor-joining (NJ) method. The scale bar shows Nei's distance indicating nucleotide diversity.
It has been demonstrated that BAT D2 activity in rats is more dependent on sympathetic innervation than on Ucp1 abundance [27] . Furthermore, cold exposure in mice increases D2 activity several-fold after 6 and 12 h [6, 16, 17] . Since wild suncus inhabit warmer regions than wild mice, from which laboratory mice are derived, the cold conditions used in this study were deemed sufficient to increase D2 activity in suncus. In addition, cold-induced increases of BAT D2 activity in rats depend on transcriptional levels [13, 33] . Therefore, the cold exposure condition in this study may not have been the reason why the increase in D2 expression was slowed.
The delayed increase of D2 expression may have been caused by different regulatory mechanisms subsequent to the shared sympathetic stimulation pathway of Ucp1 and D2. In brown adipocytes, Ucp1 and D2 expression is located downstream of phosphorylated cAMP-responsive element binding proteins (CREB; reviewed by [21] ). The observation that cold exposure in suncus induced an increase in Ucp1 may indicate that the cascade of PKA to CREB functions normally in suncus. The unchanged D2 expression levels in suncus immediately following cold exposure (1-3 h) may have been caused by a dysfunction of downstream CREB, e.g., an increase in D2 transcription by phosphorylated CREB. D2 activity in BAT is especially critical for survival in a cold environment. D2-knockout mice become sensitive to cold via lipid depletion in BAT, i.e., dysfunction of lipid synthesis by T 3 [5] . Thus, dysfunctional lipid synthesis by T 3 in adipose tissues in suncus may explain their sensitivity to cold.
In suncus, Glut4 expression in IBAT did not immediately increase after cold exposure (Fig. 6c) . In rats, Glut4 expression in BAT is mainly regulated by the sympathetic nervous system via direct β-noradrenergic innervation to BAT [24] , similar to Ucp1. In suncus, Ucp1 expression in IBAT increased, which would indicate that the sympathetic signal was transmitted to IBAT. Conceivably, in suncus, Glut4 expression in BAT may not be regulated by the sympathetic nervous system, or the response due to sympathetic stimulation may be slow. This topic, in relation to cold-tolerance in suncus, warrants further investigation since glucose becomes a source of lipid synthesis in BAT, and GLUT4 is the most important glucose transporter in BAT.
Cold exposure more than 12 h
Unlike the results found for the 1 h to 12 h period of cold exposure, both D2 and Glut4 expression in IBAT increased significantly after 24 h (Fig. 6b, c) . The increase in D2 expression was especially dramatic (Fig.  6b) . It is therefore presumed that regions downstream of T 3 , such as Ucp1, may have been activated [1, 2] . In fact, Ucp1 expression increased significantly in IBAT over time (Fig. 6a) . Furthermore, Glut4 expression is augmented by T 3 in both BAT and skeletal muscles [32, 41, 42] . In suncus, Glut4 expression increased in both IBAT and the soleus over time (Fig. 6c, d ). Serum T 3 levels in suncus are mainly produced by D2, and we found that the elevated Glut4 expressions in IBAT and the soleus were facilitated by increasing levels of T 3 by D2 [39] . Glut4 expression in IBAT (Fig.  6c ) and the soleus (Fig. 6d) were similar until 24 h, but then increased sharply at 48 h only in IBAT. In suncus, D2 exists abundantly in IBAT, but not at all in skeletal muscle [30, 38, 43] . Therefore, we postulate that the rapid increase in Glut4 expression in IBAT at 48 h was likely due to increased inner T 3 production by D2 activity. Glut4 expression increases during muscle contractions such as those that occur during shivering thermogenesis [28] . However, shivering was not observed in this study. Why Glut4 expression in the heart decreased between 12 and 48 h (Fig. 6e) remains to be explained, although it is not a phenomenon unique to suncus since it has also been observed in rats [20] . One possibility is that insulin deficiency may have suppressed D2 expression by noradrenergic stimulation [22] . Perhaps the insulin did not function properly in IBAT during the first 12 h of cold exposure. It may have, however, played a role in increasing D2 expression after 24 h. It is known that insulin accelerates lipid synthesis in adipose tissues. In our study, adipose tissue weights decreased in response to cold, but recovered over time (Fig. 5) . Very little however, is known regarding blood insulin levels, the responsiveness of insulin to blood sugar regulation, and the influence of food content on insulin regulation in suncus. This topic deserves further investigation, considering that suncus, unlike mice, show resistance to fat accumulation with age [47] .
In conclusion, we advance the following explanations for the cold intolerance shown by suncus: 1) The immediate adaptive response of Ucp1 regulation is weak, which in turn may be due to a suppression of sympathetic activity, 2) The adaptive response of D2 regulation is slower than Ucp1, which may be due to a dysfunction of regulatory mechanisms after shared stimulation of a sympathetic pathway, 3) Glut4 expres- sion in BAT is not regulated by the sympathetic nervous system, or the response due to sympathetic stimulation is slow. Therefore, to elucidate the coldintolerance of suncus, the regulatory mechanism of these mRNAs should be investigated in more detail.
[Note: Nucleotide sequence data reported are available in the DDBJ/EMBL/GenBank databases under the accession number AB248266].
